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Utilisation of residue gas sludge (BOS sludge) for removal of heavy metals from acid mine drainage (AMD)
Introduction
Acid Mine Drainage (AMD) is an environmental pollutant resulting from a combination of weathering and mining activities. Acid mine waters have low pH-values and high concentrations of toxic and heavy metal contaminants (Pb 2+ , Cu 2+ , Zn 2+ , Mn 2+ , Fe 2+ /Fe 3+ , Cd 2+ ) which are not biodegradable and thus tend to accumulate in the environment causing various threats in nature (Skousen and Ziemkiewicz, 1996; McGinness et al., 1999 , Skousen et al., 2000 .
Britain has a long history of mining for coal, metal ores and other minerals. The number of mines is enormous, reports suggest in Wales, the South West and Northumbria over 3,700 sites exist. No significant metal mines are still in use; the last large tin mine in Cornwall closed in 1998.
Monitoring and studies have shown that a large number of abandoned metal mines are significant contributors to heavy metal and toxic pollution into rivers and seas (Environment Agency, 2008) .
There are a number of Acid Mine Drainage (AMD) treatment technologies and these fall into two broad categories, passive and active treatments. However conventional methods such as lime based chemical precipitation, ion exchange and other processes have a number of shortcomings; which are extensive land utilisation, production of large secondary solid waste, high capital and operating costs. Overall, AMD treatment processes depend highly upon many factors; for example type and concentrations of the dissolved metal ions in AMD solutions.
Adsorption is becoming a popular method for the removal of heavy metals from the AMD (Omer et al., 2003) . Natural materials, waste and residue products from industrial or agricultural activities have excellent potential as an economic adsorbent for heavy metal removal from AMD solution. It is believed that such materials may be considered as alternative adsorbents to activated carbons and ion exchange resins (Ahmaruzzaman et al., 2011; Bailey et al., 1999; Barakat et al., 2011; Kurniawan et al., 2006; Sud et al., 2008) .
High metal adsorption capacity and efficiency involving steel slags in single and binary adsorbate systems have been investigated, and the mechanisms of adsorption and the effects of variables on metal adsorption have also been assessed. For silicate based materials such as slags, many authors A C C E P T E D M A N U S C R I P T
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3 believe metal adsorption process to occur through ion exchange and metal hydroxide/silicate precipitation (Dushina and Aleskovski, 1976) , physical adsorption based on ion exchange (Lopez et al., 1995) , primarily sorption through ion exchange and some form of metal silicate precipitation (Dimitrova & Mehanjiev, 1998) . However the studies are limited, inconsistent and the adsorption mechanisms are yet to be understood fully in detail.
Integrated steel plants generate large amounts of different solid wastes such as blast furnace slag, steel slag, mill scales and many others. The fine solid particles recovered after wet scrubbing of the gas generated from basic oxygen furnace (BOF/BOS) in the sludge form are known as waste gas sludge (BOS sludge). A newer approach of utilising this waste material (BOS sludge) deserves attention as a potential and alternative solution to recycling routes.
BOS sludge has not previously been studied or examined under adsorption purposes for acid mine drainage treatment, hence very limited literature and data are available on this particular material.
However due to its adsorptive properties, presence of exchangeable cations (neutralising potential ability) and its high availability, BOS sludge can be considered as a novel adsorbent for the removal of heavy metal ions. Thus employing BOS sludge in an efficient and cost effective manner would solve two environmental problems simultaneously.
However there are a number of challenges, two major restrictions associated with BOS sludge usage could be that the sorbent must remain submerged during treatment. The BOS sludge will harden into a concrete-like substance, thus leading to reduced surface area and porosity. Another challenge could be the disposal of used BOS sludge (spent sorbent) which was not dealt with in this particular study and this could be a potential area of further study which could ultimately may result in increase of environmental concerns associated with AMD treatment. Before this technology is implemented on an industrial scale, the construction of an optimised pilot plant using BOS sludge to treat different real AMD solutions would be a constructive plan forward, as this could generate more options on how to treat the spent sorbent with different solvents prior to discharge. Further research and investigations must be carried out in order to determine different operating conditions and flow regimes which simulate real plant operation and to assess the longevity of the treatment.
This study investigated the adsorption efficiency and removal rates of copper, iron, zinc and manganese ions using waste gas sludge (BOS sludge; as received). The aim of this present work is to assess the effectiveness of BOS sludge as a sorbent in treating AMD solutions from Wheal Jane disused mine (Cornwall, UK).
Materials and Methods

Adsorbent and adsorbate
In this study BOS sludge samples from Tata Steel plant in Port Talbot (South Wales) were used, provided by Harsco metals & mineral Ltd, UK. The samples were used in their natural state ("as received") with no chemical modifications, unless stated. The particle size distribution of the samples was determined using screens and a sieve shaker.
The particle size range of the BOS sludge used in this study was +1mm,-1.4mm. Real AMD from Wheal Jane mine was collected in sealed containers. Concentrations of copper, iron, manganese and zinc were determined by the atomic absorption spectrometer (AAS).
The results presented in Table 1 show the oxide composition of BOS sludge as determined by XRF.
The high lime (13.1% CaO) content means that the material has a potentially high neutralising capacity for acidic effluents. The other characteristics of BOS sludge that were investigated are also listed in Table 1 .
The density of BOS sludge was determined using a helium gas PYCNOMETER from Micrometrics, model AccuPyc Ц 1340. The porosity of BOS sludge samples were measured using a mercury porosimeter. Surface area measurements were also determined by Nitrogen adsorption fitted to the BET equation (Brunauer, 1943) , using the TRISTAR 3000 apparatus from Micrometrics.
Batch Sorption studies
Batch adsorption tests/studies provide information on adsorption equilibrium characteristics and adsorption kinetics, which are important in determining the effectiveness of the adsorbent in removing solute from solution. Specified masses of BOS sludge samples were mixed with 200 ml
solution of Wheal Jane AMD for a predetermined time period and agitated over tumbling mill at 110 rpm. The initial concentrations of copper, iron, zinc and manganese in AMD from Wheal Jane mine collected were 1.1, 74, 23 and 4 mg/l respectively and these were measured using the AAS.
The pH of Wheal Jane water was in a range of about 2.7-2.9 ± 0.1. The final concentrations of the heavy metal ions in the aqueous phase were determined using AAS from which efficiency and adsorption capacities for each sample was calculated.
The percent adsorption (%) was calculated using the equations:
Where, C i and C f are the concentrations of the metal ions in the initial and final solutions respectively.
The amount of metal adsorbed from aqueous solution at time t, was determined by the following equation:
Where q e is the amount of heavy metal ions adsorbed at any time, mg/g adsorbent; m s is the mass of metal adsorbed, mg; m is the adsorbent mass, g; C o is the initial concentration of heavy metal ions, mg/l; C t is the liquid-phase concentration of heavy metal ions at any time, mg/l; V is the volume of solution from which adsorption occurs, L.
The equilibrium amount of metal adsorbed from aqueous solution was determined by the following equation:
Where q e is the amount of heavy metal ions adsorbed at equilibrium, mg/g adsorbent; m s is the mass of metal adsorbed, mg; m is the adsorbent mass, g; C o is the initial concentration of heavy metal ions, mg/l; C e is the liquid-phase concentration of heavy metal ions at equilibrium, mg/l; V is the volume of solution from which adsorption occurs, L.
Effect of adsorbent dosage on adsorption process
Different masses were used in this study, ranging from 8g, 16g and 24 g of BOS sludge and these were contacted with Wheal Jane solution. The mixture was agitated and the samples were taken at regular intervals for AAS analysis.
Effect of initial solution pH on adsorption process
Wheal Jane AMD solution was contacted with 24g of BOS sludge sample and the solution pH was varied using NaOH from the initial pH (2.8) to 3.5 and 4.5 to investigate the influence of pH variation in relation to removal of heavy metals. The pH of each sample was measured using a
Microprocessor pH meter (Hanna PH211).
Effect of heat treatment on adsorption process
A furnace used for heating BOS sludge at 200 o C for 60 minutes in an air atmosphere; 24 g of thermally treated BOS sludge was contacted with Wheal Jane AMD solution for 180 minutes; the mixture was agitated and samples were collected at regular intervals and analysed.
Regeneration processing of BOS sludge
200ml of Wheal Jane solution was contacted with 24 g of BOS sludge for 180 minutes; samples filtered and the BOS separately contacted with NaCl and H 2 SO 4 for 20 minutes. The regenerated sample was contacted again with 200 ml of Wheal Jane AMD for 180 minutes under the same agitation condition and the samples were collected at regular intervals and analysed. Sulphuric acid concentration used was 2 % (wt). Sodium chloride (NaCl) solution, 20 mg/l was also prepared and used in desorption and regeneration tests.
Results and Discussion
Effect of adsorbent dosage on adsorption process
The amounts of metal adsorbed versus time are shown in Figure 1 -4. For 24g sample, the adsorption of all metal ions displayed a similar trend to one another. For all the ions, adsorption is
steep for the first 15 min, after which for all respective metals the adsorption levels off as equilibrium is attained. Percent adsorption of 100%, 100%, 97.9%, and 94.8% for copper, iron, zinc and manganese respectively were achieved for 24g sample.
In terms of the percentage of heavy metals adsorbed from solution, it is evident that an increase in BOS sludge mass resulted in an increase in the adsorption of the heavy metals just for iron, zinc and manganese, Table 2 . Results show the amount of metal adsorbed (q e ) at equilibrium is lower as the mass of the samples increased. This is because as adsorbent mass increases more adsorption sites are available per unit mass of adsorbent added. Hence the amount of metal adsorbed from AMD water per unit mass of samples at equilibrium is moderately lower. Figure 1 shows that the rate of metal removal is initially instant and progressive, that is within the first 15min. The kinetics of the neutralisation reaction is rapid as the pH increased through the sorption period, Figure 2 . After the initial period slower adsorption may be due to slower diffusion or the build-up of passive layers. This effective removal can also be a result of the interactions of heavy metals with the adsorption sites on the surface of BOS, which can easily be accessed by the diffusing heavy metals. However the effect of precipitation of metal hydroxides must not be ruled out. The order of adsorption from Wheal Jane AMD was found to be:
copper≧iron>zinc>manganese.
The Wheal Jane mine water maximum consent limit for iron, copper, manganese and zinc in discharge water are 5.0, 0.08, 1.0 and 2.5mg/l respectively (Bone, 2003; United Kingdom) . Results
from Table 2 prove that BOS sludge is capable of treating real AMD as the final concentrations of four heavy metals (C e ) meet the maximum Wheal Jane consent limit requirement.
Higher adsorbent dosage promoted a better efficiency in the removal of heavy metal ions. As the final heavy metal concentration for 24g sample of BOS sludge show that BOS sludge was able to treat copper, iron and zinc within the Environmental Quality Standard (EQS), Table 2 . Hence it is recommended that BOS sludge can effectively be used to treat real AMD. in several studies (Dimitrova et al., 1996; Dimitrova and Mehandgiev, 2000; Feng et al., 2004; Manchisi et al., 2013; Kim et al., 2008) . pH increases as mass of the adsorbent increases and this is shown in Figure 5 . This is in agreement with various researchers including (Kim et al., 2008; Manchisi et al., 2013 , Chen et al., 2011 whom have also identified BF/steel slags as a suitable candidate to remediate waters contaminated by acid mine drainage, since such materials proved to have a significant acid neutralising potential that can be exploited to precipitate out a majority of dissolved metals by increasing solution pH.
Effect of pH trend on the adsorption process
The high pH obtained (value of 9.93) is also due to the dissolution of the BOS sludge during the agitation; exposing high number active adsorption sites. More copper and iron were adsorbed from solution in comparison to the other metals (Mn, Zn). Increasing the pH of AMD water to the desired value causes metal precipitation in the form of hydroxides.
The sorption becomes complicated in real AMD because of the ratios of heavy metals to one another resulting in solute-solute competitions and the solute-surface interactions. This indicates that besides chemisorption, ion exchange and precipitation some other complex mechanisms are predominantly involved. Thus, the way that AMD is treated highly depends on the type and concentrations of the metal cations and also the anions present in water.
Effect of initial solution pH on adsorption process
One of the methods of acid mine water treatment is chemical precipitation, which is related to increase of AMD pH (Plasari and Muhr, 2007) . The pH required to precipitate most metals from AMD water ranges from pH 6 to 9 (except Fe+3, which precipitates at pH >3.5) (Skousen et al., 2000) . Increasing the pH of AMD water can lead to metal precipitation in the form of hydroxides and the interaction among the metals in AMD water can effectively influence the reaction rate and oxidation state of the metals during contact with adsorbents or solvents.
For instance, manganese will be simultaneously co-precipitated with Fe precipitation from water at pH 8, only if the concentration of iron in the water is much greater than the manganese content
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In oxygen-poor AMD iron is mainly as Fe 2+ , which should be precipitated at pH 8 according to literature (Xinchao et al., 2005) . In this study at pH 8 (95.4%) was recovered from solution as shown in Figure 6 . The reason for the iron precipitation across the studied range may also be progressive oxidation of Fe 2+ to Fe 3+ which iron precipitates in the form of Fe(OH) 3 , which starts at pH>3.5. More iron is recovered when solution pH increased to 4.5 (98.5%) compared to pH 2.8 (95.4%), Figure 8 and Figure 6 . According to literature zinc is precipitated in the range pH 5.5 to 7 in acid mine drainage (Sheremata and Kuyucak, 1996) . In Figure 6 at pH 9.9, 94% of zinc is recovered from the solution.
In another study, real AMD solution similar to Wheal Jane mine (non-coal mines) was neutralised by NaOH (0.5 mol/L) as a precipitating reagent. Results reported that AMD neutralisation with NaOH to the pH of 8.2 was achieved which removed 92.3 % of copper, 93.3% of zinc, 96.6 % of iron and 15.9 % of manganese (Balintova and Petrilakova, 2007) . Overall the efficiency of metal adsorption depends on solution pH trend and sorbent type (its physical properties); this is also in agreement with results obtained by Moreno et al., 2001 and Alvarez-Ayuso et al., (2003) whom used inorganic sorbents (zeolites) for purification of acid mine waters.
Effect of heat treatment on adsorption process
Figure 9-12, show how heat/thermal pre-treatment of the BOS sludge affects its efficiency in heavy metal ion adsorption, adsorption rate increased with time, but to a limit. The rate of adsorption of all heavy metal ions were reduced when thermally pre-treated BOS sludge was used, copper and manganese adsorption rates were reduced significantly, 26.3% for copper and 9.8% for manganese as shown in Figure 9 and Figure 12 respectively.
The physical properties of untreated BOS comply with a greater uptake of this sample rather than those of thermally pre-treated sample. Surface area measurements for thermal pre-treated BOS were determined by Nitrogen adsorption fitted to the BET equation (Brunauer 1943) . The samples that
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ACCEPTED MANUSCRIPT 10 were exposed to thermal condition had reduction in surface area (12.92 m 2 g -1 ) resulting in a lower total pore area (porosity 66.29%); this is because of thermal runaway, while the BOS structure collapses the porosity of BOS also decreases and hence the adsorption capacity is reduced. This is also observed in the difference in pH obtained through the sorption as untreated BOS sludge sample depicts higher pH, which in turn promotes higher removal rates of all metals, as shown Figure 13 .
Moreover, after thermally treating BOS its colour changed slightly; this may be an indication of a change in structure and/or composition of the BOS sludge. The difference in the amount removed from solution by the two samples was substantial to justify the use of untreated BOS sludge, since pre-treatment increases the cost of AMD treatment in practice.
Regeneration processing of BOS sludge
A good adsorbent must have a high adsorption capacity, but also needs to exhibit good regeneration for multiple usages (Richardson et al., 2002) . Desorption of heavy metal ions from an adsorbent or the regeneration of an adsorbent is of great practical importance. This is one of the characteristics which is considered in choosing an adsorbent for any practical application (Richardson et al., 2002) .
Two adsorptiondesorption cycles were performed for all 4 heavy metal ions. The effect of regeneration on adsorption capacity is presented in Table 3 . For copper and manganese, there was an observable drop in the adsorption capacity of BOS sludge regenerated using NaCl; despite the high concentration of sulphuric acid it was in favour of iron uptake in comparison to manganese and zinc. Desorption takes place because of the displacement of the heavy metal ions from adsorption sites on the BOS sludge structure by either H + ions, in the case of acid or Na + ions from NaCl solution. This process is mainly driven by the concentration driving force, which favours H + and Na + ion adsorption because of the high solution concentrations used.
According to Table 3 , it is evident that neither of regenerating agents performed as anticipated. The desorption series follow this order: iron>zinc>manganese>copper and adsorption series follow this trend: Copper=iron>zinc>manganese. There is an observable drop in the adsorption capacity of BOS sludge that has been regenerated using sulphuric acid. The adsorption capacity of regenerated BOS sludge dropped, since there was a decrease in adsorption capacity from cycle 1 to 2; this is probably because of acid resulting in neutralisation of much of alkalinity present in BOS sludge.
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This drop in capacity may also be due to the possible destruction and distortion of the BOS sludge structure by acid dissolution. also found that sorption capacity of blast furnace and steel slags on removal of heavy metals such as of Cd 2+ , Cu 2+ , Pb 2+ , Zn 2+ and Cr 3+ from aqueous solution also decreased appreciably, hence it was evident that acid is not a suitable reagent for regeneration of blast furnace or steel slags.
Some other reagents, such as the metal complexing agent EDTA might however be appropriate (Santona et al. 2006) . The effectiveness of different regenerating solutions such as NaNO 3 , HCl, CaCl 2 at different concentrations could also be investigated if regeneration is considered to be an option. The adsorption capacity of BOS sludge regenerated using NaCl was also reduced.
Therefore, regenerated BOS sludge cannot effectively meet the maximum Wheal Jane consent limit thus insuring that regenerated BOS sludge can handle only relatively dilute AMD solutions or preferably downstream to another treatment process.
Conclusion
Kinetic studies indicated that the rate of adsorption of the heavy metals by BOS sludge was rapid for the first 15 minutes and then gradually decreased. About 100%, 100%, 97% and 94% of copper, iron, zinc and manganese respectively were adsorbed from Wheal Jane AMD solution. Removal of the heavy metal ions was not probably only due to ion exchange or adsorption but also due to coprecipitation.
There were a number of operational conditions which were found to influence and increase the rate of metal uptake by BOS; these include an increase in adsorbent dosage; an increase in initial solution pH and for thermal treatment of BOS prior to adsorption, the results showed that thermally treated BOS sludge did not enhance the capacity and efficiency of BOS sludge in treating AMD water.
In this study a waste by-product was used as an adsorbent with the main aim of maximum utilisation, hence regeneration of this material may not be process priority. However the adsorption capacity of regenerated BOS sludge reduced, since there was a drop in the adsorption rates through regeneration cycles. Thus, regenerated BOS sludge cannot effectively meet the maximum Wheal Jane consent limit thus insuring that regenerated BOS sludge can handle only relatively dilute AMD solutions.
The results indicate that BOS sludge known as a waste from steelmaking process can be used as a novel and functional substitute for the more expensive sorbents that are currently being used in AMD treatment technologies. Although results show BOS sludge can be used effectively for the removal of heavy metal ions from real acidic solutions, however further research and development needs to be conducted with various real AMD solutions in order to understand the adsorption mechanisms furthermore. 
Highlights
 Batch mode kinetic studies were performed to assess the functionality of BOS sludge as a low cost sorbent for real AMD treatment.
 Results showed high pH obtained due to the dissolution of the BOS sludge (neutralising potential) during the agitation of AMD solution and BOS.
 Results revealed that the efficiency and adsorption rates were favoured with an increase in BOS mass and an increase in the initial solution pH.
 Residue Gas Sludge has the potential to function as an effective adsorbent in removal of heavy metal ions from real acid mine drainage solutions.
